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1. INTRODUCTION

This report summarizes the work done by Brookhaven National Lab and Optovac on
CRADA No. BNL-C-94-26, the purpose of which was to study radiation damage in certain
types of fluoride crystals. Because of the important commercial aspect of developing high
radiation resistant CaF2 and MgFs for optical windows for 193 nm ArF excimer lasers,
which are used in laser eye surgery, micromachining, and could play a major role in the
next generation of UV lithography, this study concentrated mainly on these two materials.
Optovac manufactures CaF, and MgF, polished laser windows for commercial use. Over
the past several years, based on the expected increased use of ArF excimer lasers outside
the research community, Optovac has grown ingots and fabricated test samples using raw
materials from various sources in order to evaluate their resistance to color center formation
and failure over time when subjected to pulsed 193 nm laser light. As a result, a baseline
on the performance of these materials has been established which serves as a guide for

further improvements with respect to their radiation resistance.

UNLIMITED RELEASE [



The purpose of the study was to search for a correlation in the level and type of
radiation damage produced in CaF, and MgF, windows by 193 nm excimer laser light
with damage produced by % Co gamma rays. If such a correlation can be established, as
the data obtained in this study indicates, it will be possible to study radiation damage
in these materials using °Co in a much more efficient and cost effective way. This would

eliminate the need for using an excimer laser to study the damage, which can require many

laser pulses over a considerable period of time, and allow a much more rapid an
study of many types of damage effects. It will also allow for a rapid and inexpensive way of
selecting radiation hard material before it is fabricated into expensive optical components.
In addition, it will lead to a better understanding of the damage process itself, which will

hopefully result in improved and more radiation hard materials.

2. SAMPLE PREPARATION

Optovac grows a number of fluoride crystals such as CaF,, MgFs, SrFs, BalF; and LiF by
the Bridgeman-Stockbarger method as commercial production processes. Although there
are some variations in the details, the basic method is the same for all of the CaF, and
MgF, samples prepared for this study. The raw material is first melted in a crucible inside
the furnace. Crystal growth is accomplished by lowering the crucible out of the hot zone
such that the material solidifies from the bottom up to form a crystal. Fluorides of good
optical quality require a growth environment of very low moisture and oxygen, which is
accomplished in part by growth under vacuum conditions using a diffusion pump. The
evacuable growth chamber consists of a steel bell jar and a base plate fitted with sealed
throughputs for graphite electrodes, and a cylindrical slotted graphite heating element that
is supported by graphite electrode pedestals. During a typical growth, the molten ingot
material is held inside a graphite crucible which rests on a support system containing a
movable pedestal that can be raised or lowered. The temperature within the furnace is
adjusted so that the bottom of the crucible is located in a temperature gradient such that
the upper part of the seed and all of the material above it is melted. Seeded growth 1s

accomplished by slowly lowering the crucible such that the crystal is grown by moving the



the molten ingot through the solid-liquid interface. Generally, all crystals are annealed in
the furnace after the growth process is complete, or later in a furnace designed to reduce

strain within the crystal ingot.

Sample Size RM Source Pretreatment
CaFs Set SA92059
1446 : 50.8 x 10.0 mm A 1
1447 (447) 50.8 x 10.0 mm A 2
1448c (48C) 50.8 x 10.0 mm A 3
1T (31T) 50.8 x 10.0 mm A 1
1B (31B) 50.8 x 10.0 mm A 1
2T (72T) 50.8 x 10.0 mm A 4
3T (13T) 50.8 x 10.0 mm B 5
3B (13B) 50.8 x 10.0 mm B 5
4T (547T) 50.8 x 10.0 mm C 5
4B (54B) 50.8 x 10.0 mm C 5
CaF, Set SA940
012A 50.8 x 9.53 mm C 6
14 50.8 x 9.53 min C 6
16 50.8 x 9.53 mm D 6
17A 50.8 x 9.53 mm D 6
MgF, Set SA940
04A 36.0 x 10.0 mm C 6
05A 36.0 x 10.0 mm A 1
06A 36.0 x 10.0 mm E 6
07A 36.0 x 10.0 mm F 1
10A 36.0 x 10.0 mm E 6
11A 36.0 x 10.0 mm G Blank

Table 1. CaF; and MgF, samples prepared for excimer laser and gamma ray irradiation
study.

Twenty samples of polished CaF, and MgF, were prepared by Optovac for this study
and are listed in Table 1. The RM source column refers to the manufacturer and grade

of the raw material. The Pretreatment column represents a treatment of the raw material
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prior to or during the growth process which is considered proprietary by Optovac at this
time. In several cases, the same letter designation is used for both the CaF; and MgF,,
which indicates the same manufacturer and grade for both. The samples were either
identical to the ones used for the excimer laser damage measurements, or duplicate samples
from the same ingots used in those tests. The fourteen CaF3 samples represent eleven
different ingots grown and fabricated at Optovac, and the six MgF2 samples represent
five different in
materials from several sources were tested in order to judge the results related to factors
outside the production process. Sample 11A represents a crystal blank purchased from
another company. All samples, including sample 11A, were polished with the standard

Optovac process.

3. RESULTS FROM LASER DAMAGE

Samples grown at Optovac were initially exposed to excimer laser radiation at the MIT
Lincoln Laboratory. The laser used was a ArF laser which had an energy output of 100
mJ/cm? and a repetition rate of 150 Hz. Most samples were exposed for 1 or 2 x10°
pulses, and some samples were exposed for up to 8 x 10° pulses. The area exposed to
the laser beam was typically 0.5 x 1.0 cm?, which meant that most of the sample was left
unexposed, and therefore undamaged, by the laser tests. It was therefore possible to study
both the laser damaged regions and the undamaged regions of each sample in subsequent
gamma ray damage measurements.

It is difficult to estimate the actual amount of energy absorbed by the windows for these
exposures since the total absorbance at 193 nm is very small, and in fact, very difficult to
measure accurately with the spectrophotometers which were used for this study. However,
it is possible to estimate an upper limit on the dose based on reasonable limits in the

measured absorbance. The energy of 100 mJ/cm? corresponds to 6.2 x 10!7 eV/cm?, or

to ~ 3.1 x 10'" MeV/pulse. For a window thickness of 1 cm, the irradiated volume is

then 0.5 cm®. Multiplying this by the density of CaF, (3.18 g/em?) gives an irradiated



mass of ~ 1.6 g. This gives a dose of 3.1 x 10'"MeV/.0016 kg = 1.9 x 10 MeV/kg.
Given that 1 Gy = 6.24 x 10'? MeV /kg, this corresponds to ~ 31 Gy/pulse, if all of
the energy were absorbed. Assuming an absorbance of ~ .01, this would correspond to
~ 0.3 Gy/ pzﬂse. Hence, the absorbed dose for 10° pulses would be ~ 0.3 x 10% Gy =
30 Mrad. Therefore, the total absorbed dose in the samples which were exposed to the
excimer laser in these tests could be quite large. However, the total absorbance at 193
nm could be significantly less than 0.01, in which case the total absorbed dose would be
correspondingly much smaller. In addition, damage due to color center formation often
results from ionization, which requires an energy sufficient to produce an electron-hole pair
in the material. For 193 nm photons, corresponding to an energy of 6.4 eV, this requires
the simultaneous absorption of two photons, which is greatly suppressed relative to single
photon absorption. It is therefore likely that for a given amount of energy deposited in the
material, the 193 nm laser light is considerably less efficient than gamma ray radiation for
producing color centers.

The optical absorbance as a function of wavelength for all samples were measured be-
fore and after exposure to the excimer laser at MIT using a Hewlett-Packard diode array‘
spectrometer. This is a single beam instrument which requires measurements with and
without the sample in place. The laser damage measurements were carried out between
December 1992 and May 1994, while the gamma ray irradiations were done in early 1995.
Therefore, a considerable amount of time passed by between the two sets of measurements,
which allowed a certain amount of recovery to take place before the gamma ray measure-
ments were started. This effect was noted when the samples were remeasured at BNL prior

to their exposure to gamma rays, as discussed below.



4. RESULTS FROM GAMMA RAY DAMAGE

The previously laser damaged samples were sent to Brookhaven where their optical ab-
sorbance was measured again in both the damaged and undamaged region using a Hitachi
3210 dual beam spectrophotometer. In general, good agreement was found between the
measurements made at MIT and at BNL, taking into account the recovery which occurred
between the two measurements. This can be seen from the absorbance data for each sam-
ple measured at MIT and BNL given in Appendix A. Recovery was observed in both CaF,

and MgFy, but in general, the CaF; showed more recovery than the MgF,.

The gamma ray irradiations were carried out at the ®°Co Gamma Ray Irradiation
Facility (GRIF) at Brookhaven National Lab. This facility consists of a 20K Ci ®Co
source housed inside a building containing a large UV-VIS spectrophotometer which is
capable of measuring the change in optical absorbance of samples before, during, and after
irradiation. However, in the tests carried out in this study, the facility was only used as
a radiation source for irradiating samples at a dose rate of 3.2 - 4.0 x 104 rad/hour. The
optical absorbance measurements were made on the Hitachi 3210 spectrophotometer in a

separate lab within one hour after irradiation.

An initial series of tests was done for both the CaF, and MgF; samples to determine
what level of exposure would be appropriate to see the effects of gamma ray damage in
each of these materials. Figures 1-4 show the change in absorbance in the CaF,; and MgF,
samples as a function of gamma ray dose. It is clear that the CaF; sample shows damage
at a fairly low dose (~ few krad), while the MgF, sample shows much less damage, as
measured in the undamaged region, even up to a dose of 100 Krad. For the MgF,, the
damage appears to saturate, as is evident in the previously damaged region, while the CaF,
does not saturate, at least up to 100 Krad. It is also clear that very similar absorption
bands are produced by both the excimer laser and gamma ray radiation in both materials.
Since it is only necessary to produce gamma ray damage at a fairly low level in order to
study the correlation with the laser damage, it was decided to expose all remaining CalF,
samples to a dose of 1 krad. Because the MgF, samples damaged much less, it was decided

to use a dose of 1 Mrad for the MgF, for the correlation studies.



5. CORRELATION RESULTS

It is clear from the data given in Appendix A that the radiation induced absorption in
both the the CaF 2 and MgFy samples are very similar for both the excimer laser and the
gamma ray irradiations. In general, two main regions of absorption bands appear in CaFy,
one with two prominent peaks between 300-400 nm, and another single peak around 600
nm. However, not all samples show the same band structure, and there is a substantial
sample to sample variation. In the MgF,, there is a very distinct peak produced at 256.
nm in all samples, and an additional peak appears ~ 370 nm in some samples but not in
others. Nevertheless, the general structure of the induced absorbance in both materials is
very similar for both types of radiation.

Since the ultimate application of the materials used in this study is for optical com-
ponents in 193 excimer lasers, it is clearly of interest to study the correlation between the
optical absorbance induced at 193 nm by the excimer laser with the absorbance produced
by gamma rays at the same wavelength. Although the absorbance at 193 was always mea-
sured for each sample, the absorbance at 200 nm can be measured with better accuracy
and is indicative of the absorbance produced in the same wavelength region. It is also pos-
sible that a correlation exists between the absorbance induced by the laser in the 190-200
nm region and other absorption bands produced at other wavelengths. This is particularly
true for MgFy where there is a prominent band at 256 nm which is induced by both types
of radiation. One can also look at the maximum induced absorbance at any wavelength,
or take the integral of the induced absorbance between a particular set of wavelengths
(e.g., 190-800 nm) as a measure of the total induced absorbance in the sample. We have

therefore defined the following set of quantities used in the correlation study:

e laser damage 199 - laser induced absorbance at 193 nm.
e laser damage 256 - laser induced absorbance at 256 nm (MgF; only).

e laser marimum induced - maximum laser induced absorbance at any wavelength
between 190 and 800 nm.
3

e Co-60 induced 198 - ®¥Co induced damage at 193 nm.

e Co-60 induced 200 - *°Co induced damage at 200 nm.



e Co-60 induced 256 - ®°Co induced damage at 256 nm (MgF2 only).

e Co-60 mazimum induced - maximum %°Co induced absorbance at any wave-

length between 190 and 800 nm.

e Co-60 sum induced - integral of ®°Co induced absorbance between 190 and 800

nim.

by the labels on the points) which were exposed to 2 x 10° laser pulses and 1 krad of 60Co
radiation. Figures 5 shows simply the self correlation between the laser induced damage
at 193 nm and the maximum laser damage. Figure 6 shows the same self correlation for
the ®°©Co maximum induced and sum induced damage. Figures 7-10 show the correlation
between the laser 193, laser maximum induced, °°Co sum and ®°Co maximum induced
damage. The ®Co induced absorption was measured through the previously undamaged
region of the sample (i.e., a region of the sample which was not exposed to the laser). It is
clear from Figures 7-10 that a correlation does ezist between the two sets of measurements.
The least damaged sample for both the excimer laser and gamma ray exposures was sample
17, while the sample which damaged the most was sample 13B. Sample 014 appears to
deviate from the trend given by the others, but the overall correlation is clear.

Figures 11-17 give the correlation plots for six MgF, samples (each again indicated by
the labels on the points) which were exposed to 2 x 10% laser pulses and 1 Mrad of ®Co
radiation. In these figures, the %°Co absorbance was measured through the previously
undamaged region. Figures 11 and 12 show the self correlation data, while figures 13-17
give the correlation between the laser damage and the gamma ray damage. While it is
clear that the worst sample (sample 004) shows the maximum damage in both cases, the
correlation for the samples which damage less is not as clear as in the case of CaF,.

Measurements after ©°Co irradiation were also made on the MgF; samples through
previously damage region, i.c., the same region which was initially exposed to the laser.
Figures 18-22 show plots similar to Figures 13-17 through the previously damage region.
Again, the sample with the maximum damage is clearly identified in both cases, but the

correlation between the other samples is less evident.



6. CONCLUSIONS

This study has investigated radiation damage produced in CaF9 and MgF; optical windows
producéd by a 193 nm ArF excimer laser and ®°Co gamma rays. The general structure of
the radiation induced absorption bands is very similar in both materials for both types of
radiation. In CaFs, several absorption bands are observed in the 300-400 nm region, and
another at ~ 600 nm. In MgF,, a strong absorption peak is observed at 256 nm, and a
smaller secondary peak is observed at ~ 370 nm in some samples.

In the case of CaF9, a clear correlation is observed between the laser induced damage
and the gamma ray induced damage. This correlation can be seen in a number of variables
which measure the degree of laser or gamma ray induced damage. Within the limits of
the small statistical sample measured, some degree of correlation is also observed in MgF,.
However, for samples which show only small amounts of damage for both types of radiation,
the correlation is less apparent in MgFy than in CaFs.

This study was intended as a preliminary investigation into the effects of radiation
damage in both CaF; and MgF; optical materials. The experiments conducted between
Optovac, MIT and BNL were not closely coordinated due to fact these were initially sep-
arate projects which were carried out independently of cach other. Given the rather clear
indication of a correlation observed between the damage produced by the two mechanisms,
it appears to be extremely worthwhile to pursue these studies in a more coordinated way.
As stated earlier, this could lead to a simple and cost effective means of identifying radi-
ation hard material before it is fabricated into expensive optical components, and could
further lead to better and improved materials for the next generation UV lithography. We
feel that this work supports this claim, and that additional effort should be devoted to this

area in the future.
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APPENDIX A

Absorbance Spectra for 193 nm Excimer Laser Exposures
at MIT and %°Co Gamma Ray Exposures at BNL
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